Densities of aqueous solutions of Ethylene glycol (EG), diethylene glycol (DEG), and triethylene glycol (TEG) were measured at temperatures from 293.15 to 318.15 K and molalities ranging from 0.0488 to 0.5288 mol⋅kg −1 . Volumes of all investigated solutions at a definite temperature were linearly dependent on the solute molality; from this dependence the partial molar volumes at infinite dilution were determined for all solutes. It was found that the partial molar volumes at infinite dilution ( 2,0 ) were concentration independent and slightly increase with increasing temperature. The partial molar volumes at infinite dilution ( 2,0 ) or the limiting apparent molar volumes of ethylene glycols were fitted to a linear equation with the number of oxyethylene groups ( ) in the solute molecule. From this equation a constant contribution of the terminal (OH) and the (CH 2 CH 2 O) groups to the volumetric properties was obtained. The thermal expansion coefficient ( 1,2 ) for all investigated solutions was calculated at temperatures from 293.15 to 318.15 K. The thermal expansion coefficients for all solutes increase with increasing temperature and molality. Values of ( 1,2 ) were higher than the value of the thermal expansion coefficient of the pure water.
Introduction
Mixing effects for thousands of chemical compounds and their mixtures used in industry are rather difficult to be known; hence, knowledge of thermodynamic properties such as densities, as well as excess molar volumes, , partial molar volumes, and apparent molar volumes of organic mixtures at various temperatures, is of great importance. Solvation of a solute in certain solvent and different types of interactions, solute-solvent and solvent-solvent interactions, are of great importance in physical chemistry [1] .
Analysis of multicomponent liquid mixtures in terms of mole fraction or molality and their thermodynamic and volumetric properties are important for the design of industrial processes. These properties are also important in the search of models capable of correlating the molecular structure and macroscopic properties of liquids [2] . During the liquid mixture formation the changes of molecule interactions occur, and difference in the components packing becomes apparent. When there is developed hydrogen bond network in, at least, one of the solvents then the mixture properties change in a special way [3] .
The physical properties of liquid mixtures are very important in understanding the nature of molecular interactions between the molecules of liquid mixtures. Such properties of liquid mixtures are useful in designing various transport and process equipments in the chemical industry [4] .
An amphiphilic molecule possesses at the same time a polar and nonpolar group. In aqueous solutions, these molecules can self-associate into aggregates called micelles [5] , where contact between water and hydrocarbon is greatly reduced while the polar groups maintain their hydration. In this process the main contributions to the free energy are the elimination of unfavorable hydrocarbon-water contacts, 2 ISRN Physical Chemistry the head-group interactions, and the interaggregate interactions [6, 7] . Hydration properties of solutes, that is, organic molecules and biomolecules in water mixtures, in general, reflect in a complex manner the combined effect of different heterogeneous interactions around the solute. The hydrophilic and hydrophobic hydration and interaction are the central topics in liquid state chemistry and physics. The interface of hydrophilic and hydrophobic effects with each other leads to destructive or, under certain conditions, the cooperative interaction [8] .
Ethylene glycols are very interesting solvents owing to the presence of the oxy and hydroxyl groups in the same molecule. Due to this the formation of intra-and intermolecular hydrogen bonds between the -O-and -OH groups of the same or different molecules of ethylene glycols has been observed [9] . Despite their interesting characteristics and industrial importance, thermodynamic properties of mixtures containing ethylene glycols have not been studied extensively enough [10] .
In the present work, we report the density of binary mixtures containing ethylene glycol (EG), diethylene glycol (DEG), and triethylene glycol (TEG) with water at temperatures ranging between 298.15 and 318.15 K. Values of densities are correlated with temperature and molality. The experimental data have been used to calculate the partial molar volumes and thermal expansion coefficients.
Experimental
2.1. Chemicals. All the solvents used were of analytical grade and purchased from Fluka AG. Densities and refractive indices of the pure liquids were measured and the results are listed in Table 1 together with the literature data for comparison. These liquids were kept over freshly activated molecular sieves of type 4.A (Union Carbide) for several days before use to reduce the water content. Table 1 reported some chemical and physical properties of all chemicals used in this study.
Preparation of Solutions.
All solutions were prepared by dissolving the appropriate amount (by mass) of each solute in deionized distilled water. Solutions of different molalities ranging from 0.0466 to 0.5297 mol⋅kg −1 for each solute were prepared in a 25 cm 3 volumetric flask, using digital balance (Sartorius BL210 S) accurate to within ±0.0001 g. All solutions were left at least 24 hrs before measurements to attain equilibrium. Densities, , and refractive indices, , of the pure liquids are compared with the published data ( Table 1 ).
Density
Measurements. An Anton Paar digital densimeter (model DMA 60/601) was employed for the determination of the densities of pure component liquids and the binary mixtures. The density measurements are based on the variation of the natural frequency of a tube oscillator filled with sample liquid with respect to the air. The measuring cell is embodied in its separate housing, complete with oscillator counter mass and thermostat connectors. The oscillator or sample tube, made of borosilicate glass, is fused into a dualwall glass cylinder, thus allowing temperature control to be carried out by water circulation from a constant temperature path. The temperature of the water path was kept constant to within 0.01 K with Haake digital thermostat. The precision of density measurements is estimated to be better than 10 (Figure 1) . Density values at different temperatures for the aqueous solutions of ethylene glycols are in a good agreement with those published by Sun and Teja [11] and Müller and Rasmussen [12] .
Results and Discussion
Experimental densities for the various binary mixtures in the molality ranges studied obey equation of the type [13] = + + 2 .
The , , and coefficients for the ( ) versus ( ) plots are shown in Table 3 together with the standard deviation, , defined by
where ( obs ) and ( cal ) are the observed and calculated density values, respectively, is the number of experimental points and is the number of coefficients in (1) . Fitted values of the constant ( ) in (1) compare well with the average density of water for the various density determinations of water obtained during the set of experiments performed for each solute at each temperature. 
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where 2 (g ⋅ mol −1 ) is the solute molecular weight and ( ) is the density of solution. The values of ( 1,2 ) for investigated solutions are increased with increasing concentration. Figure 2 shows the plots of ( 1,2 ) versus ( ) for all investigated solutes. We can reasonably assume that a "substitutional" mixing occurs for water + EGs systems, which transform gradually to an "interstitial" accommodation due to the possible cavity occupation by the hydrocarbon chain, the polar character of the second (OH) group getting progressively less important. Reinforcement of the water structure becomes more and more important from water + EG to water + TEG systems.
The concentration dependence of 1,2 can be described by [15] 
where coefficients according to McMillan-Mayer theory of solution [16] and present the contribution to the excess thermodynamic properties of pair, triplet, and higher aggregates. For the investigated solutions, it was found that the volumes of solution at a definite temperature for each solute are linearly dependent on the concentration of solute; that is, the relation (4) is reduced to
From this relation the partial molar volume at infinite dilution ( 2,0 ) for each solute at a definite temperature can be determined from the plots of ( 1,2 ) as a function of molality ( ) (Figure 2) . The values of ( 2,0 ) together with the standard errors are given in Table 4 . The values of ( 2,0 ) are concentration independent and slightly increase with increasing temperature.
The partial molar volumes at infinite dilution or the limiting apparent molar volumes of EG oligomers can be fitted by the linear equations: 
where is the number of oxyethylene (CH 2 CH 2 O) groups in the molecule. These equations outline a constant contribution 6 ISRN Physical Chemistry 
where is Avogadro's constant. The molecular volumes of the pure liquid solutes (cm 3 ⋅molecule −1 ) at 298.15 K were calculated from
where ( 2 ) Table 5 . The values of the partial excess molecular volumes were calculated from
These values, which characterize the volume changes associated with the transfer of one molecule of solute from the pure solute to solution at infinite dilution, are negative increase in magnitude with increasing oxyethylene units, and decrease with increasing temperature. The temperature dependence of the partial molar volume at infinite dilution for aqueous solutions of (I EG; △ DEG; ⬦ TEG). Table 6 : Regression coefficients of (10) and the ratio ( 1 / 0 ) at the temperature range studied. 
Thermal Expansion Coefficients.
The partial molar volumes at infinite dilution for all investigated aqueous solutions, listed in Table 4 , are slightly temperature dependent. From Figure 3 it can be seen that the plots of ( 2,0 ) against ( − ) are linear, so it can described by
where and 1 are empirical constants and is the absolute temperature; 0 = 298.15 K. The coefficients and 1 , determined by the method of least squares, are given in Table 6 .
As the partial molar volumes of all investigated solutes in water are concentration independent and equal to their volumes at infinite dilution, so the values of the partial molar expansibility of the solute ( 2 = ( 2 / ) ) (cm 3 ⋅mol −1 ⋅K −1 ) are also concentration independent and equal to their values at infinite dilution ( 2 = 2,0 ).
The partial molar expansibility of the solute at infinite dilution is equal to the regression coefficient 1 of (10), and the thermal expansion coefficient of the solute at infinite dilution ( 2,0 ) (K −1 ) is defined as [14] 2,0 = 1 2,0
which is equal to the ratio 1 / 0 . The values of ( 2,0 ) calculated from (11) are given in Table 7 . The values of ( 2,0 ) tend to decrease slightly with increasing temperature. On the other hand, the thermal expansion coefficient of solution
where 1,2 is the volume of solution containing m mole of solute per kilogram of solvent. Thus, the thermal expansion coefficient of the investigated solutions is calculated from
( 10
where 0 1 is the thermal expansion coefficient of pure water. The values of 1,2 for all investigated solutions are given in Table 8 . The thermal expansion coefficients for all solutes increase with increasing temperature and molality. The dependence of ( 1,2 − 
From Figure 4 , it can be seen that the dependence of ( 1,2 − 
8 ISRN Physical Chemistry The calculated values of ( 1,2 − 0 1 ) are given in Table 9 . From Figure 4 and Table 9 it can be seen that the values of the thermal expansion coefficient of the investigated solutions are higher than those of the pure solvent except in the case of ethylene glycol at higher temperatures (313.15 and 318.15 K) where the thermal expansion coefficient of the solution is lower than that of the pure solvent. The low values for TEG may be indicative of the presence of entanglements of the chain in a coiled structure [17] .
Conclusions
Density data and molar volumes as a function of temperature and molality are measured for aqueous solutions of ethylene glycol, diethylene glycol, and triethylene glycol. These data were used to derive the partial molar volume at infinite dilution ( 2,0 ). 2,0 values were found to be slightly increased with increasing temperature. These values are correlated with the number of oxyethylene (CH 2 CH 2 O) groups in the molecule ( ). It was assumed that a constant contribution of the terminal (OH) group and (CH 2 CH 2 O) group to the volumetric properties of these mixtures. The values of the partial excess molecular volumes (] exc 2,0 ) were also calculated. These values are negative and increase in magnitude with increasing oxyethylene units and decreasing temperature.
The thermal expansion coefficients ( 1,2 ) for all solutes increase with increasing temperature and molality. It was found that the values of the thermal expansion coefficient of the investigated solutions are higher than those of the pure solvent except in the case of ethylene glycol at higher temperatures (313.15 and 318.15 K) where the thermal expansion coefficient of the solution is lower than that of the pure solvent.
